We studied loss of heterozygosity (LOH) on human chromosome 13q in prostate cancer specimens to determine the location of a putative tumor suppressor gene (TSG) and to correlate these losses with the clinicopathological stage of the disease. Overall 13 (21%) of 61 specimens analysed had an allele loss on the long arm of chromosome 13. The most frequent (37%) LOH among the informative cases with allele losses was detected at the D13S284 locus on chromosome 13q14.3. A portion of the DNA segment that spans this locus and is¯anked by the microsatellite loci D13S153 and D13S163 was lost in 85% of the specimens with allele losses and was designated as a LOH cluster region (LCR). The LCR spans more than 6 Mbp of DNA. The results suggest that a TSG relevant for the development of prostate cancer is located telomeric to the RB locus. There was a signi®cant correlation (P=0.0024) between chromosome 13q LOH and advanced metastatic disease, suggesting that loss of 13q14.3 region is associated with prostate cancer progression. However, further research must be conducted to establish the identity and function of this putative TSG.
Introduction
Prostate cancer (PC) is the most common cancer in males, with an estimated 179 000 new cases to be diagnosed in 1999 in the US. The death rate due to PC remains second only to that of lung cancer with an estimated 37 000 PC deaths for 1999 (Landis et al., 1999) . Despite the magnitude of the problem and eorts to improve the outcome of the disease, progress in developing new therapies to combat PC has been hampered by a lack of knowledge about the aected genes, genes that are targets for inactivation or deregulation in PC, and about their biological functions.
Known genetic alterations in PC include allele losses and increases in gene copy numbers (Visakorpi et al., 1995) . While an increase in the gene copy number in a speci®c chromosomal region is highly associated with activation/deregulation of an oncogene (e.g., ErbB-2/ Her-2/Neu and Int-2 are ampli®ed in *20% of advanced breast cancers and N-Myb is frequently ampli®ed in Stage III and IV neuroblastoma) (Weinstein, 1996) , the frequent loss of alleles at a speci®c chromosomal region implicates that region as the site of a tumor suppressor gene (TSG) that become inactivated during tumor development and or progression (Weinberg, 1991) .
In PC, the most frequent allele losses have been detected on chromosomes 7q, 8p, 10q, 13q, 16q and 18q (Visakorpi et al., 1995; Carter et al., 1990; Kunimi et al., 1991; Bergerheim et al., 1991; Bova et al., 1993; Zenklusen et al., 1995; MacGrogan et al., 1994; Trapman et al., 1994; Kagan et al., 1995; Suzuki et al., 1995; Macoska et al., 1995; Cooney et al., 1996; Latil et al., 1995; Cunningham et al., 1996; Li et al., 1998) . However, except for the chromosome 10q23 gene, MMACI/PTEN, a candidate TSG in the very advanced stage of PC, no candidate TSGs has been cloned Li et al., 1997; Teng et al., 1997; Cairns et al., 1997; Suzuki et al., 1998) . Genetic alterations in the p53 TSG were detected in a small percentage of primary prostate tumors and cell lines (Mottaz et al., 1997; Salem et al., 1997; Brooks et al., 1996) . p53 gene mutation is a late event in the progression of prostate cancer and is associated with advanced (metastatic) stage, loss of dierentiation, and the transition from androgen-dependent to androgenindependent growth (Navone et al., 1993) . Alterations at the DCC locus were associated with progression and metastasis (Ueda et al., 1997; Brewster et al., 1994) .
The involvement of chromosome 13q allele losses in PC was reported as a frequent event in a limited number of studies. A comparative genomic hybridization (CGH) study reported allele losses in 32% of untreated primary tumors and in 56% of locally progressive primary tumors after hormonal therapy (Visakorpi et al., 1995) . A wide range (9 ± 48%) of loss of heterozygosity (LOH) in the chromosomal region that includes the retinoblastoma (RB) TSG locus, on chromosome 13q14, were reported in several studies (Carter et al., 1990; Kunimi et al., 1991; Cooney et al., 1996; Cunningham et al., 1996; Li et al., 1998) . However, con¯icting results were reported regarding the involvement of the RB TSG in prostate cancer. Bookstein et al. (1990) reported loss of expression of RB in a single specimen out of seven tumors, including primary and metastatic specimens, due to the loss of one allele and inactivation of the other copy by a small deletion in the promoter region. Phillips et al. (1994) and Brooks et al. (1995) , using a RB intragenic microsatellite probe reported LOH in 67 and 27% of their respective specimens. However, Sarkar et al. (1992) were unable to identify any speci®c alterations in the RB gene in any of the primary PC specimens examined. Furthermore, more recent studies (Cooney et al., 1996; Li et al., 1998) found no correlation between specimens with LOH at the RB intragenic microsatellite locus and the expression of the RB1 protein in PC specimens, suggesting that another gene, in close proximity to the RB locus, might be the target for gene inactivation/deregulation. The involvement of another chromosome 13q TSG, BRCA2, located at 13q11 ± 12, was not con®rmed in these studies.
In the present study, we attempted to further re®ne the location of a chromosome 13q PC TSG and to correlate allele losses with the clinicopathological stage of the disease. We analysed 61 PC specimens in 18 microsatellite loci spanning the entire long arm of chromosome 13.
Results
Sixty-one tumor samples derived from 55 patients were subjected to chromosome 13q LOH analysis in 18 microsatellite loci (Figure 1 ). LOH occurred in at least one locus of chromosome 13q in 13 (21%) of the 61 tumors including 12 primary tumors (12/57, 21%) and one metastasis (1/4, 25%). Some of the allele losses in these specimens are shown in Figure 2 . The most frequent LOH was detected at D13S284, where six (37%) of 16 informative specimens had an allele loss (Figure 1) . Furthermore, the portion of the DNA segment¯anked by the microsatellite markers D13S153 and D13S163 was lost in 11 (85%) of the 13 specimens with chromosome 13q allele losses. This region was designated as the LOH cluster region (LCR) ( Figure  3 ). The probability that three or more allelic losses occurred within the LCR by independent events is very small, so such a series of LOH in contiguous markers was more likely due to deletion of the entire segment. In the majority of the PC specimens with LOH, these deletions were interstitial. Further analysis of a histogram of the LOH data from our tumor samples (Figure 1 ) by the Kolmogorov-Smirnov test (Zar, 1991) indicated that the data was normally distributed, as would be expected from a stochastic process such as the inactivation of a TSG.
Most of the allele losses clustered between markers D13S153 and D13S163 (Figures 1 and 3 ) separated by an *1-cM region, according to the UK Linkage Database, (LDB) and Collins et al. (1996) , or by an *3-cM region, according to the Genethon linkage map (Dib et al., 1996) . The most frequent allele losses occurred at D13S284, which is located in close proximity but telomeric to D13S153, the RB intragenic microsatellite marker (Phillips et al., 1994; Brooks et al., 1995) . To further limit this region to the smallest common region of deletion (SCD), we used additional three microsatellite probes located between D13S153 and D13S163. However, the additional data did not further restrict this region ( Figure  3 ). The physical map of the LCR, based on the Whitehead Institute yeast arti®cial chromosome (YAC) contig, is provided in Figure 4 . The LCR spans more than 6 Mbp of DNA ( Figure 4) .
A low frequency of LOH was detected in close proximity to or within chromosome 13q TSGs loci BRCA2 and RB. Only 7.4% of the specimens had an allele loss at the D13S260 locus, which is located in close proximity to the BRCA2 TSG (Pearce et al., 1996; Collins et al., 1996) . A similar frequency of LOH (6.25%) was observed in the RB intragenic microsatellite locus, D13S153 (Figure 1 ). Other loci also demonstrated low frequency (0 ± 6.4%) of LOH ( Figure  1 ). Allele losses in these chromosomal regions seem to be unrelated to the inactivation of the PC TSG.
Correlation of LOH with clinicopathological data
LOH on chromosome 13 was present in 27% (12/57) of the primary tumors and in 25% (1/4) of the metastasis (Table 1) . LOH was detected in 24.5% (12/49) of the high grade (Gleason score 57) and in (Table 1) . There was no statistically signi®cant dierence in chromosome 13q LOH between PC specimens with Gleason score 57 and PC specimens with Gleason score 57 (w 2 test, P=0.081) (Table 2 ). However, the P value was close to statistically signi®cant value. The incidence of LOH among organ con®ned tumors (12.5%), tumors that demonstrated extraprostatic extension (23%), or tumors with seminal vesicle involvement (20%) was not signi®cantly dierent. However, there was a statistically signi®cant dierence in the incidence of LOH between the tumors without (9/49, 18.3%) and with metastasis (5/7, 71.4%), P=0.0024 (Table 2) . LOH was present in one of the three pelvic lymph node metastasis (33%) and was not detected in the single bone metastasis analysed. These results suggest that loss of chromosome 13q14.3 region is associated with the progression of PC.
Discussion
Frequent loss of alleles at a speci®c chromosomal region is highly associated with the inactivation of a TSG (Weinberg, 1991) . Frequent LOH on the long arm of chromosome 13 in a variety of cancers was previously reported to cluster within two chromosomal (Pearce et al., 1996; Gudmundsson et al., 1995; Kerangueven et al., 1995) and 13q14 (Visakorpi et al., 1995; Cooney et al., 1996; Pei et al., 1995; Yoo et al., 1994 , Melamed et al., 1997 . These chromosomal regions harbor the TSGs BRCA2 and RB, respectively (Visakorpi et al., 1995; Tavtigian et al., 1996) .
Although there is little evidence to implicate BRCA1 and BRCA2 in PC, a recent report suggests that there is high risk for PC in Icelandic families with a founder mutation in the BRCA2 TSG (Sigurdsson et al., 1997) . To determine whether BRCA2 is inactivated by allelic loss in PC we examined LOH at the D13S260 locus, which is in close proximity to the BRCA2 gene (Pearce et al., 1996) . The low frequency of LOH (7.4%) at the D13S260 locus (Figure 1 ) suggests a limited role for BRCA2 TSG in PC pathogenesis. These results are in agreement with those from previous studies Cooney et al., 1996; Li et al., 1998) .
The involvement of the RB TSG was assessed by detection of LOH at the D13S153 microsatellite, an intragenic microsatellite in the RB locus. Although the frequency of informative cases at this locus was low (40%), the very low (6.2%) frequency of LOH detected, suggests that RB is not the primary target for inactivation by allelic loss in primary PC (Figures 1  and 3 ). This data further con®rms recent observations (Cooney et al., 1996; Li et al., 1998) . However, in contrast to the recent publication by Li et al. (1998) , we were able to map with high precision only a single LCR, suggesting that chromosome 13q harbors a single PC TSG. The second region which was located centromeric to the RB locus (Li et al., 1998) was not con®rmed in our study. The LCR was located between D13S153 and D13S163, separated by more than 6 Mbp of DNA (Figure 4) . The physical distance between D13S284 and the RB locus was previously estimated to be *200 Kbp (UK LDB; Collins et al., 1996) . However, our physical map of the region, based on the Whitehead Institute YACs, indicates that D13S284 is located more than 3 Mbp telomeric to D13S153, the RB intragenic microsatellite (Figure 4) . The closest 
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Putative prostate cancer TSG on chromosome 13 Z Yin et al microsatellite to the RB locus in our study, D13S165, is located *1.5 Mbp telomeric to D13S153. D13S284 is the microsatellite locus with the highest frequency (37.5%) of allele losses among the specimens with chromosome 13q allele losses (Figure 1 ). The results suggest that a putative PC TSG is located telomeric to the RB locus. Interestingly, Melamed et al. (1997) , reported high frequency of LOH at the RB and D13S272 loci, especially in clinically advanced (stage C and D) PC. While the RB locus is close to but outside the LCR, D13S272 is within (Figures 3 and 4) . In Melamed's study loss of allele at D13S153 was always accompanied by a loss of allele at D13S272 and conversely (Melamed et al., 1997) . Similar association was not observed in our study. This should not be a surprise since the previously estimated physical distance (UK LDB; Collins et al., 1996) between these markers is incorrect. According to the YAC contig map, D13S153 and D13S272 are separated by more than 2 Mbp of DNA (Figure 4 ). The region adjacent to D13S272 was previously named DBM (deleted in B cell malignancies) and was suspected to harbor a B cell chronic lymphocytic leukemia (CLL) TSG (Brown et al., 1993) . Two genes, Leu-1 and Leu-2, were located within 130 Kbp segment of DNA centromeric to D13S272, and were proposed as candidate TSGs in CLL (Liu et al., 1997) . Although currently we cannot rule out that these genes are not candidate TSGs in PC, the relative low frequency of LOH at D13S272 (14.3%) as compared to D13S284 (37.5%) may suggest that the PC TSG is located closer to D13S284. It is obvious that further eorts will be needed to pinpoint the location of the PC candidate TSG within the LCR. There was a signi®cant correlation (P=0.0024) between chromosome 13q LOH and advanced metastatic PC (Table 2) . Although there was no signi®cant association between higher Gleason score (57) and LOH in the present study (P=0.081), it should be noted that 29% of the higher grade tumors had allele losses, while none of the lower grade tumors had any allelic loss (Tables 1 and 2 ). This observation is further supported by a previous study that found positive correlation between chromosome 13q LOH and higher Gleason grade tumors (Cooney et al., 1996; Melamed et al., 1997) . Overall, the data suggests that loss of chromosome 13q14.3 region is highly associated with progressive disease.
Interestingly, in several studies of dierent cancers including prostate, pituitary, CLL, breast and small cell carcinoma of the head and neck (Visakorpi et al., 1995; Cooney et al., 1996; Pearce et al., 1996; Kerangueven et al., 1995; Pei et al., 1995; Yoo et al., 1994; Mastero et al., 1996; Melamed et al., 1997) , some of the minimal regions with LOH overlapped our LCR ( Figure 5 ). It is possible that inactivation of the PC candidate TSG is common to some or all of these cancers.
Materials and methods

Prostate cancer specimens
Sixty-one tumor specimens derived from 55 patients were included in the study. The specimens included 57 primary tumors (single tumor focus from 49 patients; two separate, well-separated, tumor foci from six patients) and metastatic tumors (three pelvic lymph nodes and one bone metastasis). The primary tumors were derived from radical prostatectomy (53 cases) and transurethral resection specimens (four cases). Metastatic tumors were obtained from retroperitoneal lymph node dissection (three cases) and by true-cut biopsy of the iliac crest. Twenty-®ve specimens were fresh frozen tumors and 36 were formalin-®xed paran embedded tumors. The fresh tumors were obtained from radical prostatectomy specimens following a detailed procedure as described previously . A mirror image section of each tumor specimen was analysed histologically, and the content of tumor cells was estimated. Only specimens composed of more than 70% of cancer in the control section were selected for the study. As a normal control we used peripheral blood or the tip of the seminal vesicle contralateral to the tumor, if it was histologically con®rmed to be tumor free. For formallin-®xed paran embedded specimens, a hematoxylin and eosin stained section of the selected block was used to map the area of tumor and normal tissue. The corresponding areas were scraped from unstainedsections using a scalpel (eight sections of 8 mm). For most of the archival specimens selected for the study a control DNA was also extracted form blood leukocytes of the same patient. There was no dierence in heterozygosity between DNA extracted form normal prostatic tissue from archival specimen and the blood leukocyte DNA from the same patient. Tumor specimens were graded according to the Gleason system (Gleason, 1977) . The primary tumors were organ con®ned (16 cases, pT 2 N 0 M 0 ), locally advanced (13 cases with extraprostatic extension, pT 3 aN 0 M 0 ) and with seminal vesicle involvement (20 cases, pT3bN0M0) and metastatic to regional (six cases; two pT x N 1 M 0 , two pT 3 aN 1 M 0 and two pT 3 bN 1 M 0 ) or distant (one case, pT x N x M 1 ) lymph nodes (Classi®cation according to Fleming et al., 1997) . The pathological stage for one primary tumor was not available. The clinical or pathologic stage was not available for one case.
DNA extraction
Extraction of DNA from fresh and frozen tissue was described in detail elsewhere . DNA extraction from paran-embedded specimens was performed as follows: A paran-blocked specimen was serially sectioned into eight 8 mm sections, which were applied to glass slides. Every ®rst slide was stained with hematoxylin and eosin to visualize areas of stroma and low-and high-grade carcinomas. Cancerous areas were circumscribed with ink. From adjacent sections, the portions of tissue corresponding to the outlined cancerous areas were scraped with a sterile scalpel blade into a plastic Eppendorf tube. Deparanization was performed by twice adding 400 ml of xylene and incubating the tube for 1 h at 558C. The specimens were washed three times with ethanol (100, 95 and 100%) and air dried. Next, 500 ml of a lysis buer (100 mM NaCl; 10 mM Tris-HCl, pH 7.5; 100 mM EDTA; 0.5% SDS; 1 mg/ml proteinase K) was added and the specimens were incubated overnight at 508C. The DNA was phenol/chloroform extracted and ethanol precipitated with 20 mg glycogen as a carrier. The DNA pellet was washed with 70% ethanol dried and resuspended in 100 ml of water.
Polymerase chain reaction (PCR) ampli®cation of microsatellite sequences
Primers for microsatellite sequences were obtained from Research Genetics (Huntsville, AL, USA) and are listed in Figure 1 . PCR ampli®cation was carried out as described in detail .
Analysis of loss of heterozygosity (LOH)
Normal DNA samples (from archival material, tip of seminal vesicle or leukocytes), which were heterozygous at a given locus (having two alleles of a microsatellite locus of dierent sizes) were considered`informative', where homozygotes werè noninformative'. The signal intensity of 32 P-labeled PCR ampli®ed microsatellite alleles were determined from X-ray ®lm autoradiography. X-Omat (Kodak, Rochester, New York, USA), by densitometry (Pharmacia Biotech, Uppsala, Sweden), and or by visual examination (three independent observers). LOH was considered to occur if an entire allele was absent or if the intensity of one of the two alleles in the tumor DNA was less than 50% of that in corresponding normal-tissue DNA for a given amount of DNA. Although PCR ampli®cation cannot be considered to be quantitative, we optimized the PCR conditions so that equal amount of template should have produced equal amounts of ampli®ed product. We used 27 ampli®cation cycles, which we demonstrated to be in the linear part of the ampli®cation process, i.e., before product saturation (data not shown). We also conducted a series of titrations with dierent proportion of homozygous and heterozygous templates to assess the in¯uence of normal tissue`contamination' in our PCR ampli®ed tumor samples. We determined that we could detect as little as 30%`contamination' by heterozygous template in homozygous DNA (data not shown). Thus, our limit of 50% intensity for LOH is very conservative. Results of LOH were repeated at least three times.
Microsatellite sequences and genetic maps
Microsatellite sequences and the heterozygosity of each marker were obtained from the genome database at http:// Figure 5 Chromosome 13q allele losses in dierent cancers. Distances on the map are according to UK LDB and Collins et al. (1996) . The LCR in the present study is indicated by shaded region. Vertical lines represent the SCD in the nine referenced studies. The data suggest that a chromosome 13q TSG might be common to some or all of these cancers. LCR, loss of heterozygosity cluster region. HNSCC; head and neck squamous cell carcinoma www.gdb.org/. Chromosomal maps and distances were obtained from the LDB at http://cedar.genetics.soton.ac.uk/ pub/chrom13/map (updated on September 9, 1997) (Collins et al., 1996) and Genethon (Dib et al., 1996) . YAC contig data was obtained from http://www.genome.wi.edu/cgi-bin/ contig/lookup_contig
Statistical analysis
The normality of the percentage of LOH distribution was tested using the Kolmogorov-Smirnov continuous cumulative distribution test (Zar, 1991) . The signi®cance of allelic losses was correlated with clinicopathological data, stage, Gleason score, PSA level, familial history and ethnicity, using the w
